Response of Flexible Polymers to a Sudden Elongational Flow Douglas E. Smith and Steven Chu*
Individual polymers at thermal equilibrium were exposed to an elongational flow producing a high strain rate, and their dynamics were recorded with video fluorescence microscopy. The flow was turned on suddenly so that the entire evolution of molecular conformation could be observed without initial perturbations. The rate of stretching of individual molecules is highly variable and depends on the molecular conformation that develops during stretching. This variability is due to a dependence of the dynamics on the initial, random equilibrium conformation of the polymer coil. The increasing appearance at high strain rates of slowly unraveling hairpin folds is an example of nonergodic dynamics, which can occur when a statistical mechanical system is subjected to nonadiabatic, or "sudden," external forces.
The theoretical study of the dynamics of flexible polymer molecules in fluid flows has been an active area of research for more than 60 years, starting with the work of W. Kuhn in 1934 (1) . It is also an area of practical interest because dilute polymer solutions exhibit many interesting non-Newtonian rheological properties such as viscosity enhancement and turbulent drag reduction (2) . Classic experiments on the dynamics of polymers in elongational flow have measured averaged quantities such as light scattering (3), birefringence (4) , and rheological stress (5) . These results have been compared with many The plot at 216 GPa was obtained with a twoprobe method with R ϭ 3.1315 ohms at 2 K. It was shifted in the resistance scale to facilitate comparison with the plot for 206 GPa, which was obtained with the four-probe method. theoretical models, which are often complex enough to require analysis by computer simulation (6 -9) . Previously, we directly observed the stretching of a flexible polymer in elongational flow (10) , and we discovered that many features of the dynamics could not be obtained from measurements of averaged quantities alone. In particular, we observed a strong heterogeneity in the dynamics and conformations of individual chains.
In earlier work (10), we observed molecules flowing continuously into a crossedchannel flow cell. Although this approach allowed us to collect data continuously, it exposed the molecules to velocity gradients (namely, a "shearing" Poiseuille flow in the inlet channels, as well as elongational flow) before the molecules entered the region where they were to be imaged. These conditions led to concerns, as noted by de Gennes (11) , that the polymer might not actually be at thermal equilibrium before the inception of the elongational flow and that this preparation might cause the observed heterogeneity in the dynamics. However, the maximum flow rate was kept at half the rate that would cause measurable predeformation due to shear, as discussed [in reference 24 of (10)]. However, with the previous technique, we were limited to fluid strain rates of only about three times the natural relaxation rate of the polymer, and because of the geometry of the flow cell, we were unable to see the continuous evolution of polymer conformation from the inception of flow.
In the present study, we overcame these limitations by suddenly turning on the flow with the polymer coils starting at rest and by using a higher viscosity solvent. These improvements allowed us to make observations at a fluid stretching rate up to 55 times as high as the polymer relaxation rate (16 times as high as the relaxation rate in the earlier study), to follow the entire dynamics from the inception of the flow, and to characterize the changes in the distribution of molecular conformations with strain rate.
A polymer in elongational flow begins to deform when the force due to hydrodynamic friction across the molecule exceeds the entropic elasticity that tends to coil it. There are two natural time scales. The first time scale is the longest relaxation time of the polymer ( polymer ϵ ), which is the characteristic time that is necessary for Brownian motion to globally rearrange the polymer's conformation. This relaxation time is also approximately the time that is necessary for a chain that is fully stretched by an external force to recoil back to equilibrium (12) . The second time scale (1/) is set by the strain rate ( ϵ dε /dt) of the applied flow, where t is time and ϵ t is the applied strain. The strain rate is a velocity gradient (‫ץ‬v y ‫ץ/‬ y ϭ ) along the direction y of flow. Dimensional analysis suggests that the onset of polymer stretching should occur when De ϵ Ϸ 1; the dimensionless parameter De is the Deborah number. The simple analysis is roughly correct because we found that a coil-stretch transition occurred at De ϭ Х 0. 4 (10) , which is close to the more rigorous theoretical prediction of De Х 0.5 (8) .
A quasi-planar hyperbolic flow was produced over an ϳ500 m by 500 m area in a 200-m-deep, 650-m-wide, crossed-channel flow cell. The cell was microfabricated from silicon as described previously (10) and gave rise to a constant velocity gradient (along an axis that is parallel to the exit channels) over an ϳ100 m by 100 m imaging region. Individual molecules of fluorescently labeled lambda bacteriophage DNA (-DNA) (13) were imaged (14) at a depth of ϳ100 m. These DNA molecules may be considered to be "flexible" polymers because they contain ϳ440 persistence lengths. Each molecule started at equilibrium (as a random coil) in the imaging region. To maximize the residence time of molecules, we selected molecules that closely approached the stagnation point (where the velocity goes to zero). Molecules could be positioned near the stagnation point by slight heating of one of the four tubes (two inlets and two outlets) leading to the crossed channel. To ensure that molecules were at equilibrium, we waited ϳ10 relaxation times before the flow was turned on.
The flow was turned on in less than onethirtieth of a second (as determined by video recordings of tracer beads) by using a T valve to route pressurized fluid from a shunt tube into the flow (Fig. 1A) . Images of the stretching polymers were recorded by a VCR and digitized. For the highest strain rates, individual deinterlaced video fields (one-sixtieth of a second each) were analyzed. A computergenerated cursor was used to measure the maximum extension of a molecule along the stretching axis (15) , and the transient conformation of each molecule during stretching was categorized according to the types shown in Fig. 1B. (These classifications are somewhat of an oversimplification; we actually observed a continuous spectrum of different shapes.) To reach a high De value, the flow rate was increased until the images began to blur. To increase the De value further, we increased the viscosity of the solvent (a solution of sucrose and glucose) so as to increase the polymer relaxation time (13, 16) . For De ϭ 27, 48, and 55, the viscosity was increased to ϳ180 centipoise (cP). The experiment was repeated many times to obtain an ensemble of molecular stretching paths.
Measurements were made at De ϭ 2.0, 3.4, 13.8, 27, 48, and 55 . The first two values were chosen to match the highest De value in our previous study (10) . The data for De ϭ 2.0 are shown in Fig. 2A . Although the previous study could only observe molecules that had already accumulated ε ϭ εt ϭ 2.5 units of strain (which corresponds to an exp(2.5), or an ϳ12-fold, deformation of the fluid element), the new data match the previous data over the range that could be covered previously, indicating that the heterogeneity in the dynamics and the different molecular conformations that were seen earlier were not artifacts of predeformations. By reversing the flow, we were also able to study the stretching of the same molecule repeatedly under identical conditions, allowing it to relax completely before turning on the flow again. The molecule stretched at a different rate each time and could adopt all of the various conformations that were seen in the larger ensemble of molecules. Thus, the appearance of different conformations was not a property of particular molecules but was due to a dependence of the dynamics on the initial, random equilibrium conformation of the coil.
This study reached a higher De value than did the earlier work, which was limited to De Յ 3.4. In Fig. 2B , dynamics in a flow of De ϭ 48 are shown. Many more molecules became kinked or folded at this higher value of De. On average, folded molecules stretched the slowest, whereas kinked ones stretched the fastest. Dumbbell and halfdumbbell molecules also stretched relatively fast. The percentage of molecules assuming various conformations as a function of De is presented in Fig. 3 . For De Ͻ 0.4, there was no stretching, and all of the molecules were coils. The fractions of folded and kinked molecules increased rapidly and appeared to reach asymptotic values of about one-third for De Ͼ 10. Meanwhile, the fraction of dumbbell or half-dumbbell molecules increased very sharply to more than two-thirds for De Х 1 and then dropped to an asymptotic value of about one-third for De Ͼ 10. We emphasize that these classifications (for De Ͼ 2) were of transient conformations during stretching, made after the molecule had experienced Ն2.3 units of strain [which corresponds to an exp(2.3), or an ϳ10-fold, deformation]. The asymptotic steady-state conformation of chains in these experiments was a nearly fully stretched straight line (the steady-state extension was Ͼ75% of full contour length for De Ͼ 2).
Kinked, dumbbell, and half-dumbbell molecules stretch faster than folded molecules because they proceed by unraveling a nearequilibrium coiled portion of the chain, whereas a symmetrically folded molecule is in a metastable state where the drag forces on either side nearly cancel each other. Kinked, dumbbell, and half-dumbbell, molecules stretch at a similar rate, despite their different shapes, because the hydrodynamic drag across the molecule is similar whether the ends are coiled or straightened. The drag coefficient of a 10-m-long stretched (and hence free-draining) section of DNA is only ϳ20% greater than the drag on a nondraining, 10-m-long coiled section (17) . This result is consistent with our observation that kinked molecules stretch only slightly faster than dumbbell-shaped ones.
We can compare the polymer's rate of stretching to the rate of deformation of the fluorescently labeled -DNA molecules (with a total contour length of 22 m) starting at thermal equilibrium (as random coils) and stretching in a relatively weak elongational flow. Here, De ϭ ϭ 2.0, meaning that the fluid element is being stretched at a rate that is twice the natural relaxation rate of the polymer (about four times the critical rate for deformation). The strain rate was d/ dt ϭ 0.5, the solvent viscosity was ϭ 43.3 cP, and the polymer relaxation time was ϭ 4.1 s. The molecular conformation during stretching was categorized into one of five shapes (schematically illustrated in Fig. 1B) , as indicated by the colors of the solid lines. At this relatively low De value, the dumbbell and the half-dumbbell shapes were the most prevalent. The solid black points represent the ensemble average over all of the molecules, and the vertical dashed line indicates the point below which continuous data could not be collected in an earlier version of this experiment because of the onset of measurable deformation from preshearing in the inlets (10) . Suddenly turning on the flow allows data to be continuously collected from the inception of the velocity gradient. (B) Extension versus residence time (or strain) for ϳ120 fluorescently labeled -DNA molecules in a strong elongational flow (De ϭ 48). The strain rate was d/dt ϭ 2.8, the viscosity was ϭ 182 cP, and the relaxation time was ϭ 17.3 s. At this De value, there are fewer dumbbell and half-dumbbell shapes and many more folded and kinked shapes than at De ϭ 2.0. On average, the folded molecules stretched slower than the other forms, whereas the kinked molecules stretched the fastest. The solid black points represent the ensemble average, and the horizontal dashed line indicates the ϳ20.5-m asymptotic, steady-state value of the extension, which is close to the contour length of ϳ22 m. Fig. 3 . The fraction of the total ensemble of stretching molecules that develop various conformations as a function of De. These assignments were made only for molecules that experienced at least ϭ 2.3 units of strain, which represents an exp(2.3), or an ϳ10-fold, stretching of the fluid element. Below De Х 0.4, there is no stretching and all of the molecules are coils (10) . For De Ͼ 0.4, some molecules persist as coils, even after 2.3 units of strain, but this fraction drops to almost zero for De Ͼ 10. The percentages of dumbbell and half-dumbbell molecules were grouped together because there is a continuous range of molecular conformations between these categories consisting of dumbbells molecules having a smaller "bell" on one end and a larger "bell" on the other end. Molecules that were folded or kinked but also had a coiled portion at one end were classified as folded or kinked and not as half dumbbells. For a molecule to be classified as folded, we required that more than two-fifths of the total chain length was taken up in the folded portion. We also kept track of the fraction of molecules that had larger folds, in which more than two-thirds of the total chain length was taken up. The dashed line marks the fraction of molecules that are expected to have a random equilibrium configuration that would predispose them to developing into a folded shape under affine deformation (as discussed in the text and illustrated in Fig. 5 ).
fluid element. In this flow, the fluid element is stretched exponentially in time along one axis (the elongational axis) and compressed along the other, which means that the separation of two fluid points [initially spaced at a distance x(0)] will increase with time t as x(t) ϭ x(0)exp( t), where is the strain rate and t ϵ is the accumulated fluid strain. One might expect that, for De Ͼ Ͼ 1, the polymer stretching rate dx/dt would approach the fluid stretching rate because the hydrodynamic force should greatly exceed the polymer's elastic restoring force. Mathematically speaking, this case where the polymer stretches exactly with the fluid is called "affine deformation." However, a true affine deformation is not physically possible because there must be some motion of the fluid relative to the polymer ("slippage") in order for hydrodynamic drag to exert a stretching force. Also, the polymer's finite extensibility (18) inherently leads to nonaffine behavior at large extensions. The minimum amount of slippage needed to stretch the molecule occurs at the critical strain rate c Х 0.4/, where the coil-stretch transition appears (10) . We use the term "quasi-affine deformation" to describe a deformation where the polymer begins to stretch affinely after the threshold condition Ն c is met. At that point, we might expect the observed initial molecular strain rate (‫ץ/ץ‬x)͗dx/dt͘ to be equal to Ϫ c . In the limit De ϭ Ͼ Ͼ c Х 0.4, stretching approaches true affine deformation.
The average fractional extension as a function of strain is plotted for the De range (Fig. 4A) . These quantities are presented in dimensionless (or "natural") units to allow the direct comparison of data that were collected with flows of differing viscosity and strain rate. Our previous measurements at De ϭ 2.0 and 3.4 are also presented for comparison. The relatively close correspondence between the average values in the old and new measurements also indicates that there was no substantial effect of the slight preshearing in the previous data. After correcting for the ϳ1-m overestimate of the extension due to video blooming (19) , the data show that the initial ϳ25% of the deformation becomes close to the affine deformation limit for the largest value of De (ϭ 55). The near overlap of the average data at early times for De ϭ 13.8 and 27.0, even after the rescaling of the axes to dimensionless units, may be due to collecting these two data sets at different solvent viscosities (45.4 and 175 cP, respectively). The high concentrations of sugar (ϳ47 and 64% by mass) used to obtain these viscosities may have altered the solvent quality (the strength of solvent-solute interactions).
The stretching dynamics is conveniently analyzed by making a "phase-space" plot of the average rate of extension versus the amount of extension, as shown in Fig. 4B for De ϭ 55. After accounting for the ϳ1-m overestimate in the measured coil size due to blooming (19) (which leads to the positive x intercept of ϳ1 m), the initial ϳ25% of the stretching is nearly affine because it is linear and has a slope of molec Х Ϫ c Х (Fig. 4B) . For extensions beyond ϳ25%, the deformation becomes highly nonaffine because of the appearance of hairpin folds and the nonlinear elasticity. The initial affine behavior does not depend very strongly on the conformation that the polymer later develops because the subensemble of molecules that later became folded also stretched nearly affinely, although only for about the first ϳ15 to 20% of full extension, after which the development of folds begins to slow the stretching. In contrast, the subensemble of molecules that did not become folded stretch affinely up to almost 35% of full extension. The data also show that the initial extension along the stretching axis influences the resulting conformation; the initial extension of molecules that fold was slightly smaller (2.3 m) than that of nonfolding molecules (2.6 m). The rate of stretching of nonfolding molecules was roughly (10) at De ϭ 2.0 and 3.4 in which there was a small amount of preshearing [(dv/dt) Յ 0.5] of the polymers in the inlet channel. The solid line shows the expected behavior for affine deformation, namely, the function x(t ) ϭ x(0)exp() ϩ x offset , where x(0) ϭ 2R G ϭ 1.4 m is the average initial coil size (two times the radius of gyration R G ) and x offset ϭ 1 m is a constant offset, which accounts for the video blooming of the coil image as discussed in (19) . The initial portion of the deformation becomes increasingly closer to the affine limit with increasing De. (B) A phase-space plot of the average dynamics at De ϭ 55. The gray points represent the average rate of stretching ͗dx/dt͘ for the whole ensemble, the open points represent the average for the subensemble of nonfolded molecules only, and the solid points represent the average for the subensemble of folded molecules only. The solid line shows the expected behavior (͗dx/dt͘ ϭ x) for molecules undergoing affine deformation. The line was shifted by 1 m from the origin to account for the video blooming of the image as discussed (19) . The average rate of extension versus the amount of extension was calculated for each molecule by linear fits to x versus t over a running window of five successive points. By binning individual measurements every 0.5 m and averaging them, ͗dx/dt͘ was calculated. proportional to their initial extension.
The initial rate of stretching is, to a fairly good approximation, quasi-affine for De values ranging from 2.0 to 55 (Fig. 4C) . In an earlier study, where we were not able to see the early part of the deformation for many molecules, we concluded that there was an increasing deviation (due to the appearance of folded molecules) from affine deformation as the strain rate was increased (10) . By observing the initial part of the elongation, we have now refined this observation and find that there is an increasing tendency toward affine deformation with increasing De during the initial ϳ25% of the extension, followed by an increasingly strong departure from affine deformation at larger extensions because of folds. This behavior is consistent with the predictions of some computer simulations based on a "kink dynamics" model (9, 20) .
Our observations enable us to make a qualitative sketch of how the stretching leads to the appearance of different conformations (Fig. 5) . If a coiled chain starts out at equilibrium with both of its ends on the same side of the center of mass with respect to a plane perpendicular to the stretching axis, a large fold is likely to develop (Fig. 5A) . If the De value is large, the suddenly elongated molecule can effectively become trapped in a folded state that is a nearly affine projection of the initial configuration. A statistical analysis of the conformations of a large ensemble of random coils shows that the probability of this occurring is about one-third. This result agrees fairly well with our observation that, in the limit De Ͼ Ͼ 1, ϳ27% of the molecules develop folds in which more than two-thirds of their contour length is taken up and ϳ42% of the molecules develop folds in which more than two-fifths of their contour length is taken up. However, if the same initial coil in Fig. 5A is rotated by 90°(as in Fig. 5B ), it is likely to develop a dumbbell, a half-dumbbell, or kinked shape instead of a folded shape. These conformations are similar to some of those seen in computer simulations (7, 9) . The results of Brownian dynamics simulations are also comparable to our results and are especially useful because they allow a detailed study of the relative roles of the initial conformation and the Brownian motion in determining the stretching pathway (21) .
Finally, a few comments about the applicability of equilibrium statistical mechanics to this problem should be made. A flexible polymer's elasticity, or tendency to form a random coil, is entirely entropic in origin; there are many more accessible states of a coiled chain than of a stretched one (22) . However, for De Ͼ Ͼ 1, the molecule is stretched at a rate exceeding its natural relaxation rate. This process leads to a nonadiabatic change of state, during which the molecule cannot visit, through Brownian fluctuations, an appreciable fraction of the phase space of accessible conformational states. The molecule may follow a pathway to the final state that would not have occurred if the elongational flow had been turned on slowly. For example, a molecule with a hairpin fold is a metastable nonequilibrium conformation, which would clearly not occur if the elongational flow was increased adiabatically (that is, slowly, in comparison with the polymer's relaxation time). Thus, we have a situation where the dynamics are retarded relative to the situation predicted by a naïve application of equilibrium statistical mechanics. This effect must be accounted for in theoretical treatments of the dynamics (23) . Other examples of nonergodic behavior have been recently reported in the femtosecond optical excitation of molecules (24) and have been conjectured to occur in protein folding scenarios (25) . Nonequilibrium statistical mechanics may also play a role in the behavior of large proteins when a local driving mechanism is faster than the relaxation times between different subunits of the protein. Fig. 5 . A schematic diagram of the polymer deformation. The initial configuration is a random coil. (A) If the chain ends are both on the same side of the center of mass with respect to a plane perpendicular to the stretching axis (about a one-third probability for a random coil), a large fold will likely develop if the initial deformation is affine. If De is large, the suddenly elongated molecule can effectively become trapped in a folded state that is a nearly affine projection of the initial configuration. Then, because of the nonlinear elasticity, the stretching becomes slower (nonaffine) as the fold is unraveled. (B) If the same conformation is rotated by 90°so that the ends are on opposite sides of the center of mass, a dumbbell, halfdumbbell, or kinked shape will likely develop. These nonfolded shapes stretch more efficiently because they proceed from the unraveling of coiled sections of the chain, although the stretching rate is still ultimately limited by the nonlinear elasticity as the extension approaches the total contour length.
Measurements of movement along 28 boreholes reveal the three-dimensional flow field in a 6 million cubic meter reach of Worthington Glacier, a temperate valley glacier located in Alaska. Sliding at the bed accounted for 60 to 70 percent of the glacier's surface motion. Strain rates in the ice were low from the surface to a depth of about 120 meters, but then increased rapidly toward the bed. Ice deformation was not affected by temporal changes in the sliding rate. The three-dimensional pattern of motion indicates that plane strain, which is often assumed by models, is a poor approximation of this viscous flow.
All models for glacier motion, whether their purpose is to calculate a timeline for an ice core or to test the stability of the West Antarctic Ice Sheet, must call on various assumptions about the relations between the stresses acting on the ice body and the flow field that results. Yet, many of these relations have not been well documented with observation or laboratory measurements (1) . For example, the surface velocity of glaciers can change over hours, days, or seasons-sometimes affecting the entire glacier and other times only small reaches (2) . While nonsteady sliding processes at the bed are typically cited as an explanation for this variability (3), little is known about the spatial and temporal structure of internal deformation of glaciers and ice sheets. We thus measured the three-dimensional flow field within a large reach of Worthington Glacier, a temperate valley glacier located in the Chugach Mountains, Alaska (Fig. 1 ). Instruments were arranged on the reach-which has a volume of 6.2 ϫ 10 6 m 3 and extends 230 m in length, 150 m in width, and 180 to 200 m in depth-to image the glacier's short-term three-dimensional velocity field. The spacing of the measurement points in all three dimensions was much less (Ͻ10%) than the ice thickness. These data offer a means for understanding the details of deformation and sliding processes.
The measured reach is just below the dividing line between the accumulation and ablation areas of the glacier. Radio-echo sounding measurements indicate that the area surrounding the study reach has steep valley walls, a relatively flat valley floor, and a maximum thickness of just over 200 m (4) The velocity field was determined by measuring the displacement over time of a network of surface markers and a vertical array of points along 28 boreholes drilled to depths of 180 to 200 m. The boreholes were drilled with a hot water system using instrumentation and methods designed to create straight holes with uniform and smooth walls. The holes were inspected for smoothness with a video camera (5) and were not fitted with casing. Most holes were drilled to about 10 m above the glacier bed so that no connection was made with the basal hydrologic system, which would have altered the drainage system and thermally eroded the holes. The boreholes were repeatedly measured with an inclinometer that quantifies both tilt and azimuth orientation of points along the hole, thus giving its full three-dimensional trajectory.
The boreholes were spaced about 20 m apart along the glacier and 30 m apart across the glacier. Data were collected at 2-m vertical intervals in each borehole. Markers and borehole trajectories were surveyed four separate 1 . The location of Worthington Glacier and the study reach. Inset in lower left shows a crosssectional profile of the glacier extending through the study reach; the lower line is bed, the upper line is the ice surface, and the dark block is the study reach.
